A 2D model was previously presented that describes the gliding motility of human fibrosarcoma cells. The model was based on the observation that adhesions are present only on the outer rim of the leading lamella of the semicircular cell. The present model describes the organization of adhesions and the cytoskeleton of migrating HT1080 fibrosarcoma and LX2 hepatic stellate cells in three dimensions. The migration assays were performed in a modified Boyden chamber using fibronectin, Matrigel, or collagen I as chemoattractants. The distribution of the adhesions was analyzed by confocal laser scanning microscope, and following decoration with heavy meromyosin, the organization of actin filaments was analyzed by electron microscopy. Double labeling was performed to study the relationship of the actin and vimentin filament network in the moving cells. Vinculin containing adhesions were observed only at the front of the cell in the form of a ring while passing through a filter pore of the Boyden chamber. Actin filaments were present only below the plasma membrane, except the very tip of the leading lamella. Vimentin intermediate filaments were localized around the cell nucleus behind the actin filament-rich lamella.
Introduction
Cell migration in vivo and in vitro takes place within or on the surface of extracellular matrix (ECM). The advancing lamella must adhere to a variety of matrix elements to generate traction forces for motion. The force is exerted by the actin filaments of the cytoskeleton that are linked indirectly through the membrane to the substrate. Actin recruitment to the cytoplasmic domain of integrins, the formation of focal complexes occurs in collaboration with different cytoskeletal proteins including talin, vinculin, a-actinin, paxillin, zyxin, VASP, FAK, p130Cas. 1 The locomotion of fibroblasts and fish epidermal keratocytes are probably the most intensively studied model systems. [2] [3] [4] [5] The main differences between these two types of migration are the shape of the cells along with the distribution of adhesion sites and actin filaments during the movement. Keratocytes move rapidly showing a semicircular shape, and their long axis is perpendicular to the direction of movement. 6, 7 Their motility is described by the graded radial extension (GRE) model, assuming that all points of the cell edge move perpendicularly to the semicircular lamella following a curved path with respect to the substrate. 6 The adhesions are stationary with respect to the substrate and connected by actin cables perpendicular to the direction of migration. 6 In the model describing the motion of fibroblasts, the long axis of cells and the force-generating actin bundles are parallel to the direction of movement. The cells move slowly, and their movement can be divided to three distinct steps: extension of the leading lamella is followed by cell body translocation and tail retraction. 8, 9 The adhesions are located under the whole body of the cells and the actin cables connecting them are robust. Although HT1080 human fibrosarcoma cells are of fibroblast origin, their shape during movement on Matrigel-coated planar surfaces is similar to that of fish keratocytes, and their speed is surprisingly high compared with other tumor cells. Based on these observations, we previously have presented a model that predicts the path of the adhesion points during movement. 10 Discrete adhesion points are formed only at the edge of the semicircularly shaped lamella in a discontinuous manner as the edge moves forward but overall in time they follow a curved path in relation to the substrate, according to the GRE model. 6 As adhesions move clockwise and counterclockwise on the two sides of the apex of the cell, the connecting actin arcs grow in length as they move backward with respect to the cell. At the long axis of the cell, the adhesions at both ends of the actin cables are disintegrated resulting in the disassembly of the actin cables connecting them. Several different chemotactic assays are used to investigate tumor cell motility in vitro. The above described model was based on a 2D model system that yields insufficient information. New techniques were explored for 3D investigations.
11 Among those, the sophisticated 3D ex vivo system developed by Tayalia and colleagues allows for studying the interplay of both chemokine gradient and ECM architecture in directed migration.
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The authors of the present paper examined the fate of adhesion points and the arrangement of cytoskeletal components within a 3D system. Adhesion points were observed exclusively as a ring at the leading edge of the cells passing through the filter pore of the Boyden chamber. The diameter of the ring increased gradually as the cell spread over the bottom side of the filter. Actin filaments were located directly under the plasma membrane within the pore and forming arcs the ends of which were attached to the adhesion points as the cell spread over the filter. Intermedier filaments (vimentin) enwrapping the nucleus moved behind the actin filaments.
These findings support and extend our earlier model that describes the adhesion plaque dynamics and cytoskeletal arrangement in 2D migration.
Results

In vitro 3D system
In the present work, we examined the fate of adhesions and cytoskeletal elements in migrating cells through three-dimensional pores using the Boyden chamber. The experiments were terminated at different time points to analyze all stages of the migration process through the membrane. Immunofluorescent labeling was performed, followed by 3D reconstruction of the adhesion points within the pore, using confocal microscopy. The structure of the actin cytoskeleton was examined in HT1080 tumor cells after the cells reached the bottom side of the filter as it could not be reconstructed within the pore using the above described method.
Adhesions
Overall view of the bottom side of the filter (at 30 min of migration) revealed numerous circularly arranged vinculin-containing adhesions, showing differences in fluorescence intensity representing a HT1080 human fibrosarcoma cell at different stages of the migration process using fibronectin as chemoattractant (Fig. 1A) . Similarly to the two-dimensional system, we observed adhesions exclusively at the leading edge of the migrating cells, no other adhesions were present in the pore. The tail of the cell lacking adhesions floated freely in the medium of the upper chamber (Fig. 1B, arrow) . Occasionally, adhesions could be observed also on the upper surface of the filter. The shape of the adhesions varied at different stages of the locomotion through the filter. Adhesions at the front of the cells within the pore looked like small dots. They increased in size and became elongated when the cells reached the bottom surface of the filter (Fig. 1C and D) . Similar distribution and structure of adhesions in HT1080 tumor cells were observed when Matrigel or collagen I were used as chemoattractant ( Fig. 2A-F) , or during the migration of the non-tumorous LX2 human hepatic stellate cell line against fibronectin (Fig. 2G-J ).
Adhesions and actin filaments
The intense vinculin-containing adhesions arranged as a definite line at the leading edge of the cells within the pore (viewed from the side) were associated with a somewhat broader intense band of filamentous actin. The cell body within the pore showed only faint actin staining while the trailing edge of the cells located on the top of the filter contained actin filaments even in the part of the cell body not attached to the filter ( Fig. 3A and B) .
In cells at the edge of the bottom side of the pore (viewed from the bottom) actin filaments were not arranged as structured bundles and actin staining at some places reached over the adhesions, suggesting that the membrane protrudes actively during migration (Fig. 3C1) . As the cells pushed forward and the area occupied increased, the shape of adhesions became elongated and the actin filament bundles began to form arcs and organize into cables ( Fig. 3C2-4 ). These arcs closely resemble the arcs formed during regular spreading over Matrigel-coated glass surface (Fig. 3D ).
Heavy meromyosin (HMM) decoration
To reveal the organization of the actin bundles at front and especially in the cell body within the pore, HMM decoration was performed. At all stages of the migration actin filaments were observed exclusively beneath the membrane (except the very tip of the advancing lamella) (Fig. 4) . The thickness of the layer formed by the actin filaments was the smallest in the cell body within the pore (»0.2 mm, Fig. 4D-G) . However, the most distant parts of cell protrusions were filled (1-2 mm) with actin filaments ( Fig. 4C , H, and I). At no part of the migrating cells could preferential filament polarity be observed (not shown).
Actin and vimentin
We examined the co-localization of actin bundles and vimentin filaments during 2D and 3D migration of tumor cells, as well. Double labeling was performed to study the relationship of the actin and vimentin filament network. 2D analysis of the moving cells showed that the vimentin intermediate filaments were localized around the cell nucleus (Fig. 5A) . A similar arrangement can be observed in the 3D model system: the vimentin filament network advanced behind the actin filament-rich lamella (Fig. 5B ).
Discussion
Tumor cell motility is influenced by various factors. The elucidation of migratory properties and the development of model systems are subjects of intense research. Three-dimensional assays have been postulated to be more biologically relevant than 2D assays. 12 Cell migration is coordinated by proteins localized to focal adhesions. 13 Vinculin, a regulatory adaptor protein, has a pivotal role in the organization of adhesion sites during cell locomotion. 14, 15 Vinculin interacts directly with talin and actin connecting actin filaments to the adhesions. 16 Vinculin contributes to increasing the generation of contractile forces via integrin receptors, and thus, has been suggested to facilitate 3D cell invasion. 17 Vinculin is detected at the matrix contact sites of migrating cells in 3D collagen matrices and co-localized with beta1-integrin, focal adhesion kinase (FAK), and filamentous actin. 12 Using Fourier transform traction microscopy in their assays, Mierke and coworkers proposed that vinculin-mediated enhanced contractility contributes to the ability of tumor cells to overcome the steric hindrance of 3D ECMs during invasion. 18 Their results suggest that an important regulatory role may be attributed to vinculin in cell motility within 3D ECM and in metastasis formation.
Based on the cell type, arrangement of actin arcs may differ in pattern during movement and so do traction forces exerted by focal adhesions, depending on their precise localization within the cell. 19 Previous data suggest that, in contrast to cell migration in 2D, the traction forces in 3D gels are transmitted through the randomly distributed attachments between cell and matrix present over the entire surface of both spindle-shaped and amoeboid moving cells. 20, 21 Tumor cells in vivo were observed to extend F-actin-rich protrusions forward and adhere to their surroundings, followed by contraction of the trailing end (motility cycle). 22 The present model of the organization of adhesions and the cytoskeleton of stimulated migrating cells in Boyden chamber (Fig. 6 ) supplements an earlier model describing the locomotion of cells on planar surfaces. 10 Both models are based on the observation that adhesions are present only at the leading edge of the cell. This manifests as a ring of adhesions at the front of the cells in the pore of the migration filter in the simple 3D system used. The latter seems to be a general phenomenon as the arrangement of the adhesions were independent of the cell line, and the chemoattractant used. In two dimensions, the cell has a semicircular shape and the adhesions are located on the circumference of the semicircle. Both arrangements exclude the possibility that actin cables are oriented parallel to the direction of migration. This statement is also supported by the observation that the orientation of the actin arcs is parallel to the membrane within the cells that have already reached the bottom side of the filter. Accordingly, no actin cables were detected which run perpendicular to the circular cell periphery toward and/or entering the pore. As the cells at this stage of migration undergo spreading at the bottom side of the filter, the arrangement of the actin arcs is identical to the actin arcs present in cells spreading over planar surfaces. 
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Continuous movement in two and three dimensions and spreading with a steady speed are enabled through the described orientation of the actin arcs. The authors were not able to resolve the structure of the actin filaments within the pore, but the early appearance of the arcs as the cells reach the bottom surface of the filter makes it plausible that these structures are already present within the pore in an immature form. The arcs together with their adhesions are produced continuously at the leading edge of the cell under all three conditions (2D, 3D migration, spreading). The structure of the actin machinery (arc) is responsible for cell body translocation and spreading. The arcs are created either by the tethering force of the nucleus enwrapped in the vimentin network, which is coupled to the actin cytoskeleton during the two-and three-dimensional migrations, or by the counterbalancing force of the contractile actin cables present at the whole circumference of the cells in many directions while spreading. The arcs composed of alternating polarity actin filaments are under tension and would straighten without an equally high counterforce. 9 The asymmetric arrangement of the arcs during two-and three-dimensional movement leads to cell body translocation, in contrast to spreading where the arcs are present at the whole circumference of the cell thereby are in balance. The forces of the arcs during spreading stabilize the location of the nucleus and other cell organelles. The dynamics of the adhesions in 2D correspond very well with the predictions of the GRE model (the adhesions are renewed continuously at the end of the actin arcs and move on a curved path in time, and the size of the cell remains constant). 7 During spreading, as the area covered by the cells grows steadily, the adhesions should move on a straight line in a radial direction. 
Materials and Methods
Tumor cells and culture conditions
The human fibrosarcoma HT1080 cells were maintained in RPMI 1640 tissue culture medium (Sigma Chemical Co.) supplemented with 10% fetal calf serum (FCS, Sigma) and 1% penicillin-streptomycin (PS, Sigma). The LX2 spontaneously immortalized human hepatic stellate cell line was used as nontumorous control. 23, 24 These cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FCS, 1% penicillin-streptomycin (PS, Sigma). All cells were kept in an incubator providing humid atmosphere of 5% CO 2 at 37 C. 
Migration assay
Migration (chemotaxis) assays were performed in a 48-well-modified Boyden chamber (Neuroprobe) on 10 mm-thick uncoated Nucleopore membrane (Neuroprobe) with a pore diameter of 8 mm.
Reconstituted fibronectin (50 mg/ml Sigma), Matrigel, and Collagen I (100 mg/ml, BD Biosciences) were used as chemoattractants, diluted in PBS (27.5 ml/well). A total volume of 50 ml of the applied cell suspensions (in medium containing 1% FCS) was placed in each well on the upper part of the chamber at a concentration 2 £ 10 5 /ml. Cells were incubated for 20-45 min at 37 C in 5% CO 2 atmosphere after the assembly of the chamber to achieve a sufficient number of cells within the pore or just reaching the lower surface of the filter at the termination of the experiment. The LX2 cell line was allowed to migrate 90 min and fibronectin (50 mg/ml, Sigma) was used as a chemoattractant.
Immunofluorescence
Following migration, cells, together with the membrane, were fixed in 4% paraformaldehyde for 10 min and permeabilized with 0.2% Triton X-100 for 5 min. After blocking with 3% BSA, the filters were incubated with anti-vinculin (mouse, clone VIN-11-5, Sigma, 1:20) and anti-vimentin (mouse, clone vim 3B4, DakoCytomation, 1:100) antibodies for 60 min. After washing, incubation with biotinylated secondary antibody (anti-mouse IGs, 1:100, Vector) and with streptavidin-Fluorescein (Vector Laboratories, 1:100) followed, each for 45 min. The antibodies were used in 1% BSA-PBS solution. Actin labeling was performed by tetramethylrhodamine (TRITC)-Phalloidin (1:500, 30 min, Sigma). Cells were then examined under confocal laser scanning microscopes (MRC 1024, BIO-RAD; NIKON Eclipse E6000, Nikon Optoteam).
Electron microscopy (HMM decoration)
Following the termination of the Boyden chamber migration assay, the filter was removed, washed with CSK buffer (20 mM HEPES, 3 mM MgCl 2 , 50 mM KCl, 1 mM EDTA, pH 7), and extraction was performed with CSK solution containing 1% Triton X-100, 4% PEG, and 1:100 TRITC-phalloidin. Subsequently, HMM decoration was performed in TRIS-KCl solution containing 1 mg/ml HMM (30 min).
Samples were fixed in PBS containing 2.5% glutaraldehyde and 0.2% tannin for 30 min then submerged in 2% OsO 4 in PBS for 1 h. The specimens were dehydrated stepwise in alcohol: 50%, 75% (containing 2% uranyl acetate), 90%, 100%, then 30 min of 1:1 alcohol-resin mixture, finally incubated in Spurr's mixture, at 60 C for 24 h. The ultra-thin sections were contrasted with lead citrate and analyzed using an electron microscope (Philips CM10, FEI). 
Conclusions
The present paper describes a model of the organization of adhesions and the cytoskeleton (actin and vimentin) of migrating cells in the Boyden chamber. The model is based on the observation that adhesions are present only at the leading edge of the cell. The path of the adhesions is unknown in the three-dimensional model studied (i.e., within the pore). Further study of the adhesion dynamics along with determination of the exact structure of the cytoskeleton is needed.
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